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Abstract 

Background: Dimetliyl sulfoxide (DMSO) is used extensively as a permeable cryoprotectant and is a common 
solvent utilized for several water-insoluble substances. DMSO has various biological and pharmacological activities; 
however, the effect of DMSO on mouse oocyte meiotic maturation remains unknown. 

Results: In DMSO-treated oocytes, we observed abnormal Mil oocytes that contained large polar bodies, including 
2-cell-like Mil oocytes, during in vitro maturation. Oocyte polarization did not occur, due to the absence of actin 
cap formation and spindle migration. These features are among the primary causes of abnormal symmetric division; 
however, analysis of the mRNA expression levels of genes related to asymmetric division revealed no significant 
difference in the expression of these factors between the 3% DMSO-treated group and the control group. After 
each "blastomere" of the 2-cell-like Mil stage oocytes was injected by one sperm head respectively, the oocytes 
still possessed the ability to extrude the second polar body from each "blastomere" and to begin cleavage. However, 
Mil oocytes with large polar bodies developed to the blastocyst stage after intracytoplasmic sperm injection (ICSI). 
Furthermore, other permeable cryoprotectants, such as ethylene glycol and glycerol, also caused asymmetric 
division failure. 

Conclusion: Permeable cryoprotectants, such as DMSO, ethylene glycol, and glycerol, affect asymmetric division. 
DMSO disrupts cytokinesis completion by inhibiting cortical reorganization and polarization. Oocytes that undergo 
symmetric division maintain the ability to begin cleavage after ICSI. 
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Background 

Mouse oocyte maturation is a precise and orderly 
multistage process [1,2]. During this process, the oocyte is 
transformed into a highly polarized large metaphase II 
(Mil) -arrested oocyte with a small polar body that extrudes 
from the oocyte, which is essential for the retention 
of maternal components necessary for early development 
[3]. Therefore, mouse oocyte meiotic maturation is 
characterized by a unique asymmetric division process. 

To ensure asymmetry in each division, the meiotic 
spindle has to be positioned near one side of the cortex. 
During meiosis I (MI), the spindle assembles in the 
central cytoplasm 2 hours after germinal vesicle breakdown 
(GVBD) [4]. The spindle migrates along its long axis 
to the cortex in an actin-dependent manner, which 
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begins approximately 2.5 ± 0.3 hours before polar 
body extrusion. The spindle does not elongate during 
anaphase/telophase I, and the first polar body undergoes 
emission [5]. An actin filament (F-actin) -enriched cortical 
domain surrounded by a myosin II ring assembles above 
the meiotic spindle in late MI- to Mll-arrested oocytes 
[6,7]. Assembly of this actomyosin domain is accompanied 
by microvilli denudation and the exclusion of cortical 
granules, which redistribute to form a cortical granule-free 
domain, and the microfilaments are enriched to form an 
actin cap [8-12]. These changes are referred to as cortical 
reorganization and polarization, respectively [12-14]. 

Dimethyl sulfoxide [(CH3)2SO] is an amphipathic 
molecule with a highly polar domain and two apolar 
groups, making it soluble in both aqueous and organic 
media. Therefore, DMSO is widely used as a solvent for 
chemicals that have little or no solubility in water [15]. 
Previous studies have shown that DMSO has various 
effects on the cell cycle, differentiation, aging, and apoptosis 
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[16,17]. In addition to DMSO, ethylene glycol and other 
alcohols are frequently used as cryoprotectants, to protect 
frozen oocytes and embryos for storage purposes and for 
use as vehicles for drug therapy [17,18]. However, less 
attention has focused on whether DMSO affects the 
asymmetric division that occurs in culture media by acting 
as a solvent for specific growth factors, hormones or 
meiotic modulators. 

Therefore, we investigated the influence of DMSO 
on asymmetric division during mouse oocyte meiotic 
maturation. 

Methods 

Animals and reagents 

B6D2F1 mice were purchased at 6-8 weeks of age from 
Vital River Laboratory Animal Technology Co. Ltd 
(Beijing, China). Mice were maintained in accordance with 
a light control cycle. This study was conducted in strict 
accordance with the recommendations in the Guide for 
the Care and Use of Laboratory Animals. The protocol 
was approved by the Institutional Research Board of 
Harbin Medicine University (HMUIRB20 140003). Unless 
otherwise noted, all reagents for embryo culture were 
purchased from Sigma. 

Oocyte collection and culture 

Hybrid B6D2F1 (C57BL/6 x DBA) female mice (6-8 
weeks old) were killed 46 hours after administration of 
pregnant mares serum gonadotrophin (PMSG) in doses 
of 5 lU. Large follicles on the ovary were ruptured in 
HEPES to obtain cumulus oocyte complexes (COCs). 
Cumulus cells were removed by treating the complexes 
with 0.1% hyaluronidase for 3 minutes. GV oocytes 
were selected and maintained in CZB medium. Oocytes 
were covered with sterile mineral oil (Fisher, 0121-20) 
under 5% CO2 at 37°C. Oocytes were collected at various 
time points of culture for immunostaining and real-time 
RT-PCR analysis. 

DMSO and other cryoprotectant treatment 

GV-stage oocytes were collected, washed three times in 
HEPES, and randomly cultured in the same medium 
containing 0.5-6% (v/v) DMSO to allow development 
to the Mil stage. Control oocytes were cultured in 
CZB medium. Oocytes at the GVBD stage (4 hours after 
GV) were allowed to mature in 2%, 3%, or 4% (v/v) 
concentrations of DMSO, ethanol, or glycerol to the 
Mil stage. 

Immunofluorescent staining and confocal microscopy 

After 8, 9.5, or 12 hours of culturing in CZB or 3% 
DMSO-CZB medium, the oocytes were collected. 
Embryos were collected 24 hours after the injection 
of two sperm heads. The protocol basically followed 



the methods described in our previous work [19]. In 
brief, the oocytes were fixed in 4% paraformaldehyde for 
40 minutes at room temperature. After permeabilization 
with 0.3% (v/v) Triton X-100 for 30 minutes, the oocytes 
were incubated with anti-p-tubulin antibodies (1:100) for 
1 hour at 37°C, followed by TRITC-anti-mouse IgG 
(1:100). Subsequently, the oocytes were incubated in 
FITC-phalloidin (1:100) for 1 hour. Nuclei were stained 
with bisbenzimide Hoechst 33342. All of the samples were 
mounted on slides with anti-fading medium (DABCO) 
and examined with a laser-scanning confocal microscope 
(Zeiss, LSM700). Each experiment was repeated 3 times, 
and at least 10 samples were observed each time. 

Real-time RT-PCR analysis 

Gene expression was measured by real-time RT-PCR and 
the A ACT method. Oocytes were collected at 12 hours at 
the Mil stage. RNA extraction and quantitative PCR 
(qPCR) evaluation were performed as previously described, 
with modifications [20]. Messenger RNA (mRNA) was iso- 
lated from each group by using the Dynabeads® mRNA 
Direct™ Kit (Invitrogen, Cat no.61012) in accordance with 
the manufacturer's instructions. The cDNA was synthesized 
from the total RNA with the High-Capacity cDNA Reverse 
Transcription Kit (ABI, 4368814). Real-time PCR reactions 
were performed with 1.5 [A of cDNA sample, 10 [A of 
TransStart™ Top Green qPCR SuperMix (TransGen, 
mAQ131), and gene-specific primers in a 20-(il reaction 
system with the CFX96 Real-Time System (Bio-Rad, USA). 
All of the primers used for the PCR are listed in Table 1. 

Intracytoplasmic sperm injection 

ICSI was conducted with a piezo-driven unit following 
methods previously described elsewhere [21,22], except 
that our experiment was performed in HEPES-CZB 
containing 5 (ig/ml cytochalasin B at room temperature 
[19]. One sperm head was injected into each of the two 
"blastomeres" of the 2-cell-like Mil stage oocyte respect- 
ively, or one sperm head was injected into the bigger 
"blastomere" of Mil oocytes with large polar bodies. After 
10-20 minutes of recovery, the ICSI-generated embryos 
were washed several times and cultured in KSOM at 37°C 
in a 5% CO2 atmosphere. 

Statistical analysis 

All data were obtained from at least three independent 
experiments. Statistical analysis of the data was performed 
with Student s t-test. P < 0.05 was considered statistically 
significant. All data are shown as mean ± SD. 

Results 

DMSO treatment causes disruption of asymmetric division 

In v/^ro-maturing oocytes were exposed to DMSO, 
which resulted in abnormal Mil oocytes with large polar 
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Table 1 Primers used for real-time PCR 



Genes 


GenBank accession No. 


Forward 


Reverse 


Cdc42 


NM_021454 


ATOTGACAGACTACGACCGCT 


AGTGGTGAGTOTCTCAGGCA 


Fyn 


NM_008054 


ACCTCCATCCCGAACTACAAC 


CATAAAGCGCCACAAACAGTG 


Ran 


NP_033417 


CCAOTGACGGGCGAGm 


CCACACAATACAATGGGGATG^ 


Jmy 


NM_021310 


AGCAGGAGATCGACGCTCTAT 


CCGTCTCGGTGAAAAGAACCT 


Ndc80 


NM_023294 


GCCTCTCTATGCAGGAGTOAGG 


CGGmGTGTGTACTCAGOT 


Mas 


NM_020021 


CTGTGTCGCTACCTCCCTC 


ACCGTGGTAAGTGGCmATACA 


Nuf2 


NM_023284 


TCCCCAGATACAATGTAGCTGA 


CCGGACTCCATACACTAACTGT 


Wave2 


(AYl 35643 


CCGTCAGACGTOCCTAGC 


CCGAAAATGTCCTCTGCATACT 


Arp2/3 


NM_008054 


TGAAGCGGACAGGACATOAT 


AGTOGTGATOCTAGCGTGT 



bodies (e.g., 2-fold the normal polar body size), including 
2-cell-like Mil oocytes (Figure lA). When the germinal 
vesicle (GV) oocytes were cultured in various concentra- 
tions of DMSO for 12 h, abnormal cell division was 
identified in the Mil oocytes treated with 2% to 4% 
DMSO; however, oocyte maturation was not affected by 
0.5% DMSO. Oocytes treated with 6% DMSO failed to 
mature (Figure IB). No significant difference in the 
percentage of oocytes with polar body extrusion or 
the number of Mil oocytes with large polar bodies 
was observed when the GV and GVBD oocytes were 
cultured in 3% DMSO (Figure IC). 

DMSO treatment disrupts chromosome congression, 
spindle migration, positioning, and actin cap formation 

In mammalian oocytes, spindle migration is driven by actin. 
Using confocal microscopy, we examined the spindle and 
actin morphologies of oocytes after 8, 9.5, and 12 hours of 
in vitro maturation, representing the time points at which 
most oocytes reach the MI, anaphase/telophase I (ATI), and 
Mil stages, respectively. In the control group, by the MI 
stage after 8 hours of culturing, the chromosomes had 
already moved to the cortex, and the actin cap had formed. 
At the ATI stage, the chromosomes dissociated at the region 
of the cortex with the actin cap. By the Mil stage, a small 
polar body and a large Mil oocyte had formed (Figure 2). 

In contrast, in the DMSO group, chromosomes did not 
move from the center of the cytoplasm, and actin was 
observed throughout the entire cortex at the MI stage. At 
the ATI stage, chromosomes remained in the center of the 
cytoplasm with an abnormal spindle. By the Mil stage, sev- 
eral oocytes had formed a 2-cell-like structure (Figure 2). 
These results indicate that spindle migration and actin cap 
formation were disrupted after DMSO treatment. 

DMSO has no effect on the expression of the molecular 
factors that regulate asymmetry division in mouse 
oocytes 

We further investigated the roles of DMSO during mouse 
oocyte meiotic maturation by examining the expression 
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Figure 1 Effect of DMSO on asymmetric cell division in mouse 
oocytes. (A) Abnormal cell division was observed in several 
DMSO-treated oocytes at the Mil stage (arrows). (B) Rate of large 
polar body formation after treatment with various concentrations of 
DMSO r^p < 0.01, *p < 0.05). (C) Rates of PB extrusion and large PB 
formation when oocytes from GV and GVBD were treated with 3% 
DMSO rp<0.01). 
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Figure 2 Immunofluorescent localization of microfilaments and microtubules in mouse oocytes with and without DMSO treatment. 

Arrowheads indicate F-actin caps. Green, microfilaments; red, microtubules; blue, DNA. Bar = 20 \im. Representative images from three replicates 
are shown. 



levels of crucial regulatory genes involved in asymmetric 
cell division. No significant differences in the gene 
expression levels of Arp2/3, Jmy, Wave2, Mos, Ran, 
Cdc42, Fyn, Nuf2, and Ndc80 were observed between 
the 3% DMSO-treated group and the control group 
(Figure 3). Therefore, DMSO does not cause asymmetric 
division failure by regulating the molecular factors that 
mediate asymmetry. 



Mil oocytes with large polar bodies undergo 
pre-implantation development after ICSI 

We next wondered whether Mil oocytes with large polar 
bodies are capable of undergoing pre-implantation 
development after ICSI. One sperm head was injected 
into each of the two "blastomeres" of the 2-cell-like 
Mil stage oocytes respectively. After 24 h of ICSI, the 
second polar bodies were extruded from each of the 
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J my Mos Ndc80 Fyn Wave2 Arp2/3 Nuf2 Ran Cdc42 

Figure 3 Effect of DMSO on the expression levels of genes 
involved in asymmetric cell division. Expression levels of J my, 
Mos, Ndc80, Fyn, Wave2, Arp2/3, Nuf2, Ran, and Cdc42 were not 
significantly different between the control group and DMSO-treated 
group (p > 0.05). Con, control group; DN, normal polar body in 
DMSO group; DL, large polar body in DMSO group. 



"blastomeres," and the embryos had begun cleavage 
(Figure 4A). Although no blastocyst was observed, the 
polar bodies of the 2-cell-like Mil oocyte also underwent 
pre-implantation development. When one sperm head 
was injected into the larger "blastomere" of the Mil 
oocytes with large polar bodies, several ICSI embryos 
reached the blastocyst stage (Figure 4B). These results 
indicate that the Mil oocytes with large polar bodies 
that are treated with DMSO undergo pre-implantation 
development after ICSI. 

Ethylene glycol and glycerol also cause asymmetric 
division failure 

DMSO, similar to ethylene glycol and glycerol, exhibits 
high permeability. GVBD oocytes were cultured in medium 
containing 2%, 3%, or 4% ethylene glycol or glycerol. 
Mil oocytes with large polar bodies were observed 



after treatment with 2%, 3%, and 4% ethylene glycol and 
3% glycerol (Figure 5). Thus, ethylene glycol and glycerol 
treatments also cause asymmetric division failure. 

Discussion 

The experiments presented above demonstrate that 
DMSO, ethanol and glycerol have profound effects on 
the in vitro maturation of the mouse oocyte. Small 
concentrations (<0.5%) of DMSO had no detectable 
effect on asymmetric division. Similarly, DMSO had no 
influence on asymmetric division as a solvent present 
in the control group medium [23,24]. However, after 
treatment with a high concentration of DMSO (2-4%), 
actin distribution was perturbed, and spindle migration, 
asymmetric division, and cytokinesis completion were 
disrupted during oocyte meiotic maturation. In addition, 
treatment with DMSO at concentrations above 6% blocked 
oocyte maturation. Although the direct targets of DMSO 
were not identified, this work is the first report describing 
the effects of DMSO on asymmetric division during oocyte 
maturation. 

Multiple genes related to oocyte polarity, spindle 
migration, and actin polymerization are involved in mouse 
oocyte maturation. The overexpression or depletion of 
genes such as Arp2/3, Jmy, Wave2, Mos, Ran, Cdc42, Fyn, 
Nuf2, and Ndc80 leads to symmetric cell division 
[7,24-33]. However, in our study, no significant changes 
were observed in the mRNA expression levels of these 
genes between the control group and the DMSO-treated 
group, suggesting that the disrupted asymmetric division 
of oocyte meiotic maturation by DMSO is not caused by 
changes in the mRNA expression of these genes. 

Asymmetric oocyte division depends on the position of 
the spindle that is formed after GVBD. Spindle migration 
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Figure 4 Pre-implantation development of the ICSI embryos. (A) Samples were collected after two sperm heads were injected into the 
2-cell-like Mil oocytes for 24 hours. Time points when most embryos reached the 2-cell stage are shown. Arrowheads indicate the second polar bodies. 
Green, microfilaments; red, microtubules; blue, DNA. Bar = 20 pm. (B) ICSI blastocyst that forms a Mil oocyte with a large polar body (arrows). 
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Figure 5 Effect of cryoprotectants on the asymmetric cell 

division of mouse oocytes. Rate of large polar body extrusion after 

treatment with various concentrations of DMSO, ethylene glycol, or 

glycerol. EG, ethylene glycol. r'^p< 0.01). 
\ ' 



is primarily regulated by actin filaments during oocyte 
maturation [5,10,34,35]. The cortical actin meshwork 
was disrupted by the exposure of Mil oocytes to 
1.5 M DMSO [36]. Actin polymerization is a key 
regulator of asymmetric oocyte division. We also found 
that during mouse oocyte maturation, treatment with 1% 
to 4% DMSO disrupted the polymerization of actin, 
suggesting that DMSO may disrupt oocyte asymmetric 
division through the actin meshwork. In addition, a 
dynamic actin network drives cytoplasmic streaming in a 
pattern that produces a pushing force on the spindle 
towards the cortex [35]. Potentially, DMSO disrupts 
oocyte asymmetric division through actin-driven cytoplas- 
mic streaming. In DMSO-treated oocytes, the cortical 
granule free domain did not form (data not shown). Taken 
together, the results demonstrate that DMSO may influ- 
ence asymmetric division by acting on oocyte polarization. 

After the injection of one sperm head into each of 
the two "blastomeres" of 2-cell-like Mil stage oocytes 
respectively, the oocytes still extruded the second 
polar body from each "blastomere" and began cleavage; 
however, no blastocyst was observed. Although Mil 
oocytes with large polar bodies underwent pre-implantation 
development after ICSI, the blastocyst rate was significantly 
lower than in the control group. This result is most 
likely because DMSO disrupts cytokinesis, or the maternal 
components of the oocyte are not sufficient to support 
pre-implantation development. Determining the effect 
of symmetric division during oocyte maturation on post- 
implantation development will require further research. 

DMSO, ethylene glycol, and glycerol are used as 
cryoprotectants because of their high permeability. In 
our studies, we found that ethylene glycol and glycerol 
treatment also caused symmetric division. Thus, the high 
permeability of these compounds is the likely reason that 
they cause asymmetric division failure. 



Conclusion 

DMSO, ethylene glycol, and glycerol act as permeable 
cryoprotectants that affect asymmetric division. DMSO 
disrupts cytokinesis completion by inhibiting cortical 
reorganization and polarization. In addition, the oocytes 
that undergo symmetric division still maintain the ability 
to complete pre-implantation development after ICSI. 
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